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Summary
Cytokinesis partitions the cytoplasm of dividing eukaryotic
cells. In higher plants, a dynamic microtubule array—phrag-
moplast—mediates the formation of the partitioning
membrane—cell plate—in a centrifugal fashion [1, 2]. This
phragmoplast dynamic involves microtubule-associated
proteins [3–7]. Mutations in a novel Arabidopsis gene
RUNKEL (RUK) result in cytokinesis defects caused by
abnormal phragmoplast organization and arrested cell plate
expansion. RUK encodes an essential cell-cycle-regulated
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sity of Potsdam, 14476 Golm, Germany152 kDa protein with a putative serine/threonine kinase
domain and a large microtubule-binding domain, both of
which are largely conserved in uncharacterized proteins
from protozoa, plants, and animals. RUK directly bound to
microtubules in vitro and colocalized with mitotic prepro-
phase band, spindle, and phragmoplast in vivo. An engi-
neered RUK fusion protein that was degraded before telo-
phase did not rescue the ruk mutant phenotype,
demonstrating RUK action during cytokinesis. Both micro-
tubule-binding domain and putative kinase domain were
essential for RUK function. Surprisingly, RUK did not show
kinase activity in vitro, and transgenically expressed
‘‘kinase-dead’’ RUK rescued the seedling lethality of ruk
mutants. Our results suggest that RUK plays a regulatory,
rather than catalytic, role in phragmoplast microtubule orga-
nization during cell plate expansion in cytokinesis.
Results and Discussion
Five allelic runkel (ruk) mutants were isolated on the basis of
their phenotypic similarities to the well-characterized cytoki-
nesis mutants knolle (kn), keule, and hinkel (Figure 1; [8–11]).
ruk mutants are seedling lethal, and cytokinesis abnormalities
such as variably enlarged cells with big or multiple nuclei and
cell wall stubs were detected already during embryogenesis
(Figures 1A–1D). Vesicle fusion and initiation of the cell plate
were not affected in ruk cells, in contrast to kn cells (Figures
1E, 1F, and S1 available online). Instead, the cell plate was
abnormally shaped, did not expand toward the parental cell
wall, and was more electron dense in ruk than in wild-type cells
(Figures 1E, 1F, and S1). Mitotic ruk cells accumulated the
cytokinesis-specific syntaxin KN [12] and displayed mitotic
microtubule arrays (Figures 1G–1M and S2). However, in meta-
phase and anaphase, enlarged ruk mutant cells had several
mitotic spindles (Figure 1I) or a single greatly enlarged spindle
(Figure 1J), suggesting that the nuclei divide synchronously
within the same cell cycle. During cytokinesis, enlarged ruk
mutant cells displayed several often adjacent phragmoplasts
and associated KN-labeled cell plates (Figure 1K). There
were significant size differences between ruk and wild-type
cells (Figures 1L and 1M). The phragmoplast was shortened
by 20% in ruk (2.28 6 0.2 mm, compared to 2.84 6 0.4 mm in
wild-type), which suggests abnormalities in microtubule
dynamics or rearrangement. In contrast, the KN signal was
enlarged by 42% in ruk (0.95 6 0.07 mm, compared to 0.67 6
0.15 mm in wild-type). The enlarged KN signal might reflect
the wavy shape of the cell plate (Figures 1E and S1).
The RUK gene was isolated by map-based cloning
(Figure S3 and Table S1). Its identity was confirmed by three
T-DNA insertions causing the ruk phenotype (Figure 2A). The
deduced 152 kDa RUK protein comprises an N-terminal puta-
tive serine/threonine kinase domain and a C-terminal large
nonkinase domain with five putative HEAT repeats possibly
involved in microtubule binding (Figure 2B, panel 1; [13, 14]).
The Arabidopsis genome encodes another putative protein
(At1g33940) that has stretches of similar sequences to RUK
but lacks the kinase domain, suggesting that RUK is
a single-copy gene (Figure S4). RUK shows extensive
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519Figure 1. Developmental and Cellular Defects in ruk Mutants
(A) Wild-type (left) and ruk seedlings (right).
(B) ruk seedling.
(C and D) Wild-type (C) and ruk (D) embryo. Arrow (D) indicates multinu-
cleate cell with big nucleus; newly formed cross walls are incomplete.
(E and F) Cell plate formation defects in ruk (E) cytokinesis, compared to
wild-type (F). For overviews, see Figure S1. Note the short, wavy, and elec-
tron-dense cell plate in ruk. (Arrowheads) Vesicles. (Arrows) Clathrin-coated
vesicles. Scale bar represents 500 nm.
(G–M) Cytokinesis defects in ruk embryos.
(G and H) Whole-mount preparation of wild-type (G) and ruk (H) embryos at
heart stage. Scale bars represent 10 mm.
(I–K) Subcellular defects in ruk embryos. Scale bars represent 5 mm.
(I) Enlarged cell with multiple metaphase plates and associated spindle
microtubules.
(J) Polyploid cell with a single large metaphase plate and associated spindle
microtubules (arrows).
(K) Multiple cytokinesis events in an enlarged cell. Pairs of forming daughter
nuclei are separated by cell plates and associated phragmoplasts (arrows).
(L and M) Phragmoplasts and cell plates differ in size between ruk and wild-
type. The phragmoplast is shorter, and the cell plate is wider in ruk than in
wild-type cells, as measured in (M). In (L), n = number of cytokinetic cells
analyzed. In (M), the white double-headed arrow represents phragmoplast;
the black double-headed arrow represents cell plate. Green, KNOLLE; red,
microtubules; blue, DAPI.sequence similarity in both domains with functionally unchar-
acterized proteins from plants, animals, and several protozoa
(Figures 2B, S4, and S5). Thus, RUK might be the founding
member of a conserved eukaryotic family of serine/threonine
kinase-related proteins, although the higher-plant proteins
appear to form a distinct subgroup with a specific role in cyto-
kinesis.
To determine whether the premature stop codon mutant
ruk-1 accumulates truncated RUK protein (Figure 2A) and
might thus have residual activity, we generated transgenic
plants expressing wild-type (full-length) or mutant RUK
proteins (ruk1046aa encoded by ruk-1, R803 generated by
in vitro mutation) from RUK cis-regulatory sequences (Fig-
ure 2C, panel 1 and Table S2; see Supplemental Experimental
Procedures). The mRNAs from all three transgenic constructs
were detected in ruk/RUK heterozygous plants, although they
were less abundant than endogenous RUK mRNA (Figure 2D).
However, only full-length, but not truncated, RUK protein
was detected in flower extracts and was able to rescue ruk
mutants (Figures 2E and S6A and Table S2). The same results
were obtained with the RUK constructs expressed from the
cell-cycle-regulated KN promoter (Figure 2C, panel 2 and
Table S3). These data suggest that the predicted truncated
forms of RUK were unstable, possibly because of abnormal
conformation or mislocalization. Thus, the ruk mutant pheno-
type appears to be caused by the loss of RUK protein, which
is consistent with the T-DNA insertion knockouts, implying a
cytokinesis-specific function for RUK.
In adult plants, only proliferating tissues, but no mature
vegetative organs, were enriched in RUK mRNA (Figure S6C).
RUK protein accumulation gave essentially the same organ
distribution, regardless of whether RUK was expressed from
the endogenous promoter or from the cell-cycle-regulated
KN promoter (Figures 2F and 2G). These data suggest that
RUK protein is mainly required in dividing cells and that RUK,
like KN, appears to be subject to cell-cycle-dependent degra-
dation [12].
To analyze the subcellular localization of RUK protein, we
examined transgenic Arabidopsis seedlings that expressed
functional RUK protein with an N-terminal 6xHA epitope from
the native RUK promoter. During mitosis, RUK localization
patterns resembled the successive microtubule arrays such
as preprophase band, spindle, and phragmoplast (Figure 2H).
Indeed, RUK completely colocalized with the microtubule
marker MAP4:GFP on mitotic microtubule arrays, but not on
interphase cortical microtubules (Figure 2H and data not
shown; [15]). RUK also colocalized with another well-charac-
terized microtubule-associated protein (MAP), MOR1, on pre-
prophase band, spindle, and phragmoplast during mitosis
(Figure S7; [14, 16]). Unlike MOR1, however, RUK also accumu-
lated at the midzone of the early phragmoplast and localized to
the expanding cell plate during late cytokinesis (Figure S7;
[17]). Therefore, RUK might be involved in microtubule
dynamics during phragmoplast expansion.
To identify mechanisms underlying the specific localization
of RUK during cytokinesis, we treated dividing cells with drugs
that affect specific cytoskeletal arrays or membrane traf-
ficking. Treatment with the microtubule-stabilizing agent taxol
stabilized RUK at the division plane, whereas treatment with
the microtubule-depolymerizing agent oryzalin caused RUK
delocalization, indicating that RUK associates specifically
with microtubules (Figure 2I). In contrast, treatment of root
tips with the membrane-trafficking inhibitor brefeldin A (BFA)
or actin-depolymerizing agent latrunculin B did not change
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520Figure 2. RUK Gene Structure and Expression Pattern
(A) Exon (boxes)-intron (lines) organization of the RUK transcribed sequence. The positions of mutations in four alleles and the N-terminal putative kinase
domain are indicated.
(B) RUK protein domain structure and evolutionary conservation. The percentage of the amino acid identity between RUK and its plant putative orthologs (1)
or animal homologs (2) are shown for both putative kinase (brown) and nonkinase domains (green). K*, putative ATP-binding site (Lys33); D**, putative
kinase-active site (Asp121); HE 1–5, five predicted HEAT repeats.
(C) Schematic drawing of RUK rescue constructs with RUK (1) and KN (2) cis-regulatory elements. (Asterisks) Premature stop codons resulting in predicted
truncated RUK proteins (ruk1046aa, R803).
(D) RT-PCR expression analysis of transgenic RUK rescue constructs ([C], 1) in ruk heterozygous T1 plants (inflorescence tissue). *, RUK genomic DNA
(gDNA) amplified from Columbia wild-type DNA (control); **, transgenic RUK mRNA; ***, endogenous RUK mRNA (control).
(E) Western blot analysis of full-length and truncated 6xHA-tagged RUK proteins from the inflorescence of T1 plants; equal amounts of protein were loaded
as determined by Coomassie staining (data not shown). Full-length RUK was detected as anw162 kDa band. No truncated forms of RUK were expected,
given that 123 kDa and 96 kDa bands were detectable.
(F and G) Tissue distribution of RUK protein expressed from RUK (F) or (G) KN promoter. RUK protein was detected with mouse anti-HA serum (F) or mouse
anti-Myc serum (G). KN was used as a marker for proliferating tissues (G), and actin was used as a loading control.
(H and I) Subcellular localization of RUK protein.
(H) Colocalization of 6xHA-tagged RUK (red) with microtubule marker MAP4:GFP (green) at mitotic microtubule arrays. Blue, DAPI. Scale bars represent
5 mm.
(I) Localization of RUK (red) and KN (green) during cytokinesis in response to microtubule-stabilizing taxol and microtubule-depolymerizing oryzalin. Blue,
DAPI. Scale bars represent 5mm.RUK localization, suggesting that RUK is associated with
neither membranes nor actin filaments (data not shown; [18]).
To determine whether RUK binds to microtubules directly,
we tested recombinant RUK kinase domain and RUK nonki-
nase domain for binding to taxol-stabilized microtubules in co-
sedimentation assays [19]. The RUK nonkinase domain wasdetected in the microtubule-containing pellet fraction,
whereas the RUK kinase domain remained in the supernatant
(Figure 3A). Consistent with these in vitro results, the RUK non-
kinase domain localized to the microtubule arrays in mitosis,
whereas the kinase domain accumulated in the cytosol
(Figures 3B and 3C). Thus, RUK putative kinase appears to
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521Figure 3. Microtubule-Binding and Subcellular Localization of RUK Domains and Precocious Degradation of RUK
(A) Microtubule cosedimentation assay with recombinant GST:RUK nonkinase and kinase domains. MT, microtubules; P, pellet; S, supernatant. Note the MT
binding of RUK nonkinase domain.
(B and C) RUK nonkinase domain (B) localizes to microtubule arrays, whereas the RUK kinase domain (C) is cytosolic in mitotic cells of the root tip. (Asterisk)
Premitotic cell (preprophase band in [B]). (Arrowhead) Metaphase (spindle in [B]). (Arrow) Cytokinesis (phragmoplast in [B]). Green, KN; red, RUK nonkinase
domain (B) or kinase domain (C); blue, DAPI. Scale bars represent 5 mm. Diagrams show 6xHA-tagged nonkinase (B) and putative kinase (C) domain
constructs.
(D–F) Cell-cycle-specific degradation of CYCB1;2:RUK fusion protein.
(D) Diagram of 6xHA-tagged CYCB1;2:RUK fusion construct.
(E) Western blot analysis of CYCB1;2:RUK protein accumulation as compared to wild-type RUK (#, transgenic line); actin, loading control. Note that the low
level of CYCB1;2:RUK accumulation is caused by precocious degradation before cytokinesis.
(F) Immunofluorescence analysis of cell-cycle-specific degradation of CYCB1;2:RUK protein. Note the presence of signal in metaphase (upper panel; red)
and absence of signal at the phragmoplast in telophase (lower panel). Green, KN; red, CYCB1;2:RUK; blue, DAPI. Scale bars represent 5 mm.be a novel MAP, like Arabidopsis casein kinase I-like 6 protein,
which was recently shown to associate with cortical microtu-
bules and to phosphorylate tubulin [20]. Although RUK nonki-
nase domain alone bound to microtubules, each RUK domain
on its own was not able to rescue ruk mutant plants, indicating
that both domains make essential contributions to RUK func-
tion (Table S4).
Although RUK associated with all mitotic microtubule
arrays, the cytokinesis defects of ruk mutants suggested
that a nonredundant role of RUK might be confined to the
phragmoplast. To test this idea, we generated transgenic
plants that expressed RUK as a fusion protein with theN terminus of mitotic cyclin B1;2, including its destruction (D)
box, which mediates degradation in anaphase (Figure 3D;
[21]). In five independent transgenic lines analyzed, the signal
of CYCB1;2:RUK fusion protein was reduced as compared to
unfused full-length RUK in western blot analyses, consistent
with its presumed precocious degradation (Figure 3E). Immu-
nofluorescence analysis showed that CYCB1;2:RUK fusion
protein accumulated during mitosis, localizing to preprophase
band and spindle apparatus, and disappeared before telo-
phase, with no trace in cytokinetic cells showing a strong KN
signal at the cell plate (Figure 3F). Furthermore, the fusion
protein did not rescue ruk mutant plants, and ruk mutant
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tical to ruk mutant seedlings without the transgene (cf.
Figure 1B). Thus, RUK protein has to be present during cytoki-
nesis in order to execute its function. The cytokinesis defects
of ruk mutants suggest that the role of RUK in cytokinesis
might be related to the microtubule-destabilizing activity of
the HIK/NACK1 kinesin and its interacting MAP kinase kinase
kinase NPK1, which is required for the lateral translocation of
the phragmoplast and the expansion of the cell plate [4, 11,
22]. However, whereas HIK/NACK1 and NPK1 localize to the
plus end of the phragmoplast microtubules, RUK accumulates
along their entire length [4, 11, 22; data not shown], which
suggests a mechanistically different contribution of RUK to
microtubule destabilization.
Alignment of the RUK kinase domain with publicly available
protein sequences of several serine/threonine protein kinases
such as PINOID, MPK4, ALE2, NPK1, and BRL1 showed signif-
icant similarities in conserved motifs of all of these kinases
(Figures 4A and S8; [22–26]). However, the RUK kinase domain
has mutations in the invariant amino acid residues of both the
nucleotide binding site (G16S) and the catalytic loop (R120C)
(Figures 4A and S8). Furthermore, all RUK-related proteins
have divergent amino acid residues in the same motifs (Figures
4A and S8). These mutations of evolutionary origin might cause
the inactivation of RUK kinase. In fact, neither recombinant RUK
protein from bacterianorRUKprotein immunoprecipitated from
plants displayed any in vitro kinase activity (Figures S9–S11).
The negative results of the in vitro kinase assays prompted
us to analyze the biological activity of engineered RUK protein
with mutations in the kinase domain affecting the putative ATP
binding site (K33W) or the putative kinase active site (D121A) of
the phosphotransfer catalytic loop, which were previously
shown to inactivate serine/threonine kinases such as tobacco
NPK1 andArabidopsis PID (Figures 4A and 4B; [22, 23]). These
mutant RUK proteins were expressed from the native RUK
promoter in transgenic plants carrying the ruk-2 or ruk-3 muta-
tions (Table S4). The mutant proteins were properly localized
on phragmoplast microtubules during mitosis (Figure 4C).
Surprisingly, both RUK K33W and RUK D121A proteins were
capable of rescuing the seedling lethality of ruk mutants, sug-
gesting that, in embryogenesis, the kinase activity was not
required for RUK function. Only 4 to 6 weeks after germination,
growth of the rescued ruk plants was retarded, and cytokinesis
defects were observed in the flowers of both RUK K33W and
RUK D121A adult plants (Figures 4D–4I and data not shown).
This indicates a more stringent requirement for RUK activity
in postembryonic development than during embryogenesis,
suggesting that the mutations introduced into the kinase
domain reduce but do not abolish some other activity of
RUK. Although we cannot rule out the possibility that RUK
might be a highly unusual kinase whose activity could survive
elimination of the canonical ATP-binding site and phospho-
transfer catalytic loop, all of our data taken together, rather,
support a nonkinase role for RUK.
In conclusion, we have identified a novel microtubule-asso-
ciated protein that is required for cell plate expansion in Arabi-
dopsis cytokinesis. Although the N-terminal domain of RUK
resembles a serine/threonine kinase, our experimental
evidence suggests that this degenerate kinase domain is non-
catalytic. A similar noncatalytic kinase-related domain has
been reported for Drosophila and Caenorhabditis integrin-
linked kinases that appear to play a role as adaptor molecules
linking the cytoskeleton to the plasma membrane [27–29]. RUK
is the founding member of a novel family of eukaryotic kinase-related proteins. Whereas its plant orthologs presumably play
comparable roles in cytokinesis, the biological roles of the
nonplant family members remain to be determined.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, 11
figures, and 5 tables and can be found with this article online at http://
www.current-biology.com/supplemental/S0960-9822(09)00727-1.
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